Palladium is an ideal system for understanding the behavior of hydrogen in metals. In Pd, H is located both in octahedral sites and in dislocation cores, which act as nanoscale H traps and form Cottrell atmospheres. Adjacent to a dislocation core, H experiences the largest possible distortion in α-Pd. Ab initio density-functional theory computes the potential energy for a hydrogen in an octahedral site in α-Pd and in a trap site at the core of a partial of an edge dislocation. The Pd partial dislocation core changes the environment for H, distorting the H-Pd bonding which changes the local potential, vibrational spectra, and inelastic form factor for an isolated H atom. The decrease in excitation energy is consistent with experiments, and the calculations predict distortions to the H wavefunction.
generated by Kresse. 21 The local-density approximation as parametrized by Perdew and Zunger 22 and a plane-wave kinetic-energy cutoff of 250eV ensures accurate treatment of the potentials. The PAW potential for Pd treats the s-and d-states as valence, and the H s-state as valence. The restoring forces for H in Pd change by only 5% compared with a generalized gradient approximation, or including Pd 4p-states in the valence; our choice of the local-density approximation is computationally efficient, and gives an α-Pd lattice constant of 3.8528Å compared with the experimentally measured 3.8718Å. To compute the dynamical matrix for the lattice Green function 23 , and to relax H at the octahedral site in α-Pd, we use a 4 × 4 × 4 simple-cubic supercell of 256 atoms, with a 6 × 6 × 6 k-point mesh; while the dislocation geometry with 382 atoms uses a 1 × 1 × 8 k-point mesh. The electron states are occupied using a Methfessel-Paxton smearing of 0.25eV. For the H octahedral site in α-Pd and the partial dislocation core, atom positions are relaxed using conjugate gradient until the forces are less than 5meV/Å.
First-principles calculations using lattice Green function-based flexible boundary conditions compute a stress-free edge dislocation in Pd. Flexible boundary conditions embed a dislocation in an infinite bulk which responds harmonically to forces. 24, 25 The harmonic response is captured by the lattice Green function, which gives the displacement field necessary to relax a line-force in an infinite harmonic crystal; it is computed directly from the force-constant matrix. 23 The initial geometry is a periodic "slab" supercell of 382 fcc Pd atoms: an infinite cylinder with free surfaces along the dislocation threading line 211 -type partials separated by a distance of 6.5b (c.f. Fig. 1 ). excluding linear and constant terms, this gives 31 terms to be fit (reducing to 3 in the case of cubic symmetry). This representation of the potential reproduces the first-principles forces to less than 1meV/Å. Table I shows that the predicted transition energies from our potentials; it is an overestimate compared to experimentally measured peaks in scattering intensity, but the reduction in transition energy matches well. To solve for the energy spectrum of our potential, we use a basis of products of Hermite polynomials in the three displacement directions x i with a fundamental length x 0 .
The fundamental length is chosen to harmonically match the anharmonic potential: the harmonic ground state |000 is the solution to a 1D harmonic potential with stiffness 000|∇ 2 V|000 /3. For α-Pd, x 0 = 0.215Å and for a partial dislocation core x 0 = 0.210Å; note that these are larger than the anharmonic ground-state RMS spread. The full basis |m 1 m 2 m 3 contains all m i up to Fig. 2d, diamonds) . Moreover, the three directions correspond to the shapes of the first three excited states in Table I Table I shows degeneracy-splitting due to broken symmetry from the local strain. This strain allows for a low lying transition state n 1 that is 30meV below the similar transition in α-Pd, or 20meV below in the expanded lattice. This is a direct consequence of the hydrogen occupying a site near the partial dislocation core. Fig. 3 shows the orientation of the first three excited states by plotting the inelastic form factor, S ( q) from the ground state to each excited state. The inelastic form factor, for an excitation from the ground state |0 to excited state | n i , S ( q) = 0| exp(−i q · r)| n i 2 determines the intensity of inelastic scattering with scattering direction q. In Fig. 3 , we rotate q from n 1 to n 2 to n 3 and back to n 1 . For comparison, we also compute S ( q) with bulk excited states projected along n i . The excited states have similar structure to the excited states in α-Pd site. The changes in inelastic form factors are due to the expansion of the excited state along the n i directions compared with bulk, where expanded wavefunctions decrease S ( q). Density-functional theory calculations combined with accurate treatment of boundary conditions compute the relaxed geometry for a hydrogen atom adjacent to a partial dislocation core in Pd. We extract the local potential energy for the hydrogen atom from first-principles to predict the quantum mechanical transition energies, and compare to the transition energies in an octahedral site in α-Pd. The changes in the excitation energies can be directly traced to the distortions in geometry around the hydrogen atom, the potential energy, and ultimately the wavefunctions for hydrogen. The predicted decrease due to the volumetric expansion is similar to the change in experimental measurements at low temperatures where the hydrogen occupancy of partial dislocation cores should come to dominate. This provides an important step in understanding the changes in vibrational spectra from hydrogen in Pd as temperature changes and the hydrogen atoms migrate to more energetically favorable sites in the sample. In addition, the potential provides a starting point for considering pipe diffusion of H along dislocation cores in Pd. The hydrogen moves closer to the other three atoms, decreasing the distance to 1.87Å-1.91Å, compared to a distance of 1.96Å for H in an octahedral site in fcc-Pd. 
